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Development of a quartz tuning-fork-based force sensor for measurements
in the tens of nanoNewton force range during nanomanipulation
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Understanding the mechanical properties of nanoscale systems requires new experimental and the-
oretical tools. In particular, force sensors compatible with nanomechanical testing experiments and
with sensitivity in the nN range are required. Here, we report the development and testing of a tuning-
fork-based force sensor for in situ nanomanipulation experiments inside a scanning electron micro-
scope. The sensor uses a very simple design for the electronics and it allows the direct and quantitative
force measurement in the 1–100 nN force range. The sensor response is initially calibrated against
a nN range force standard, as, for example, a calibrated Atomic Force Microscopy cantilever; sub-
sequently, applied force values can be directly derived using only the electric signals generated by
the tuning fork. Using a homemade nanomanipulator, the quantitative force sensor has been used to
analyze the mechanical deformation of multi-walled carbon nanotube bundles, where we analyzed
forces in the 5–40 nN range, measured with an error bar of a few nN. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4868236]
I. INTRODUCTION
The advent of nanotechnology has raised the demand of
novel tools and techniques pushing instruments and meth-
ods to astonishing performances. When dealing with the tiny
nano-objects, simple laboratory procedures may become tech-
nical or scientific challenges, whose solutions are not usually
straightforward. This has led the scientific society to organize
national or international priority initiatives, which induced
huge technical efforts on the development of instrumentation
suitable for nanosystem studies. Among experimental chal-
lenges, the analysis of the mechanical response in nanoscale
materials and the understanding of the physical basis of fric-
tion have been particularly emphasized.1
As the analysis of nanomaterials requires high spatial res-
olution capabilities, many experiments addressing mechan-
ical properties have been performed using Atomic Force
Microscopy (AFM) and silicon cantilevers. In addition, the
development of AFM dynamic modes (e.g., Frequency Mod-
ulation, FM-AFM and Amplitude Modulation, AM-AFM) al-
lowed this imaging approach to become very versatile, fast,
and easy to apply. In fact, during nanomechanical exper-
iments, the cantilever has been employed for both, imag-
ing and mechanical probing.2–4 However, we must keep in
mind that the very popular FM methodology just provides
the force’s gradient and it does not allow the direct force
measurement.5 In these cases, the force is usually deter-
mined by applying basically the Hooke’s law.5–11 On the other
hand, amplitude modulation also allows direct force sensing
and the assessment of mechanical properties of a variety of
a)Author to whom correspondence should be addressed. Electronic mail:
oiko@ifi.unicamp.br
materials.6 Recently, quartz tuning forks (TF) have also been
characterized12, 13 and optimized as AFM force sensors for
imaging using both AM and FM12, 14–17 and for the mechani-
cal characterization.7, 18–20
The huge potential of micro and nanoscale devices has
raised an urgent need of a direct and accurate measurement
of force levels in the sub-micro-Newton range. Force mea-
surements in the nano-Newton range are also essential in
aerospace technology for the calibration of micropropulsion
systems.21 Nanomanipulation studies inside scanning elec-
tron microscopes (SEMs) have stimulated the design of spe-
cial sample holders to couple the imaging and force probing
system.22–27 During these in situ SEM experiments, forces
are usually estimated by measuring the elastic deflection of
AFM cantilevers22, 23, 25, 27 or semiconductor nanowires.28 The
quantitative assessment of the deflections requires the use of
SEM images, which frequently limits the force resolution due
to pixel size. Moreover, this kind of nanomanipulation stud-
ies may be rather complex, because they frequently involve
image acquisition at very different magnifications: (a) higher
ones to observe small deflections on the cantilever (to com-
pute force) and (b) lower ones allowing large field of view to
observe the whole sample (strain assessment). Recently, di-
rect force sensors based on the acquisition of electrical sig-
nals, exploiting microelectromechanical systems have been
reported.29, 30 These sensors have been used to study the elon-
gation and rupture of Carbon Nanotubes (CNTs), where the
applied forces were in the 1–50 μN range and the obtained
resolution was about 10–100 nN.12, 24, 30, 31
Here, we describe the use of quartz TFs as direct and
quantitative force sensor suitable for nanomanipulation ex-
periments inside a SEM. Our approach is based on a sim-
ple and standard lock-in amplifier (LIA) setup, where an
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electrical signal from the TF resonance peak is used for the
direct force evaluation. The TF response is initially calibrated
against an AFM cantilever and, subsequently, the LIA signal
alone allows the direct force value estimation. We have been
able to directly measure forces in the 1–100 nN range with a
resolution of a few nN during preliminary CNT mechanical
deformation studies. We expect that this force resolution can
be improved by additional experiments addressing accuracy
issues during the sensor calibration.
II. DESCRIPTION OF THE EXPERIMENTAL SETUP
The quantitative TF-based force sensor described in this
study follows the commonly applied procedure in AFM: a
typical quartz tuning fork (Vishay Dale Electronics, Mod.
XT38T) had a metallic probe tip affixed by non-conductive
epoxy glue at the end of one of its prongs (leaving the other
one free to oscillate, see Fig. 1). No charging effects were
observed during the SEM experiments, regardless the use of
a non-conductive epoxy. One can verify it from the electron
microscopy images (Figs. 1(b) and 4(a)–4(d)) which do not
FIG. 1. (a) Experimental setup used for TF’s excitation and signal acqui-
sition, consisting of a computer, a function generator, a dual-phase lock-in
amplifier, and the force sensor indicated by the TF with the probe tip (see
text for explanations). (b) SEM image of the actual assembly of the TF with
the probe tip and a scheme depicting its assembly on the nanomanipulator
(inset). (c) Picture of the actual system with the TF mounted on the experi-
mental setup.
present any characteristic features of charging (e.g., distor-
tions or very bright spots). The probe tip was obtained through
chemical etching/polishing of a tungsten wire (99.95% purity,
75 μm diameter, Advent Research Materials, Mod. W5588)
applying the double lamellae drop-off technique.32 We at-
tached only one tip to the TF, leaving it unbalanced. Al-
though it affects the TF signals, the quality of the resonance
curves was still satisfactory for our purposes (quality factor
of ∼10 000). The resonance frequency of the TF changes
from its original value of (31763.3 ± 0.1) Hz to (31414.5
± 0.5) Hz with the tip attachment and the quality factor
in vacuum decreases from 47 000 to 10 000. Measurements
in air were not performed once the whole experiment takes
place inside the electron microscope’s specimen chamber at
5.93 × 10−5 Pa.
The sensor’s electronics consist of a function genera-
tor (Agilent 33250A) and a dual-phase LIA (Stanford Re-
search Systems SR830 DSP) both controlled by a computer
and operating in a similar fashion as described by Song33 (see
Fig. 1(a)). The LIA produces a sinusoidal signal as excitation
voltage (marked as Exc. Volt. in Fig.1(a)) with amplitude of
4 mVrms and frequency given by the function generator. It is
also responsible for acquiring the TF’s response, i.e., its cur-
rent’s amplitude and phase with a precision of 5 pA and 1◦,
respectively. By varying the reference frequency on the func-
tion generator one is able to construct point-by-point the TF’s
resonance peak and the phase curve. The driven signal was
kept as low as possible to minimize the prong’s oscillation
amplitudes and to guarantee that the resonator operates in the
linear regime. The main concern regarding the TF amplitude
of oscillation is the disturbance it may cause on the analyzed
system. The reference frequency was swept in a 50 Hz win-
dow with steps of 0.5 Hz centered at the resonant frequency,
and each curve was acquired in approximately 90 s, which
is equivalent to 0.9 s per point. Considering that Q actually
represents the number of cycles required for the TF to stabi-
lize, we can deduce that it takes approximately t ∼ 0.32 s
for the system to self-stabilize (t = Q T, where T is the TF
period, 1/fTF). Since this time is shorter than the one needed
to acquire one single measurement, we may deduce that no
transient effects appear even at the first acquired point of the
TF resonance peak. Examples of the acquired signals and how
they vary as a function of applied forces are described in detail
in Sec. III.
It must be emphasized that the electronics setup repre-
sents one of the simplest ways to work with TFs. Compar-
ing the aforementioned electronics with those required, for
example, to apply directly the FM-AFM method,7 a signifi-
cant difference concerning complexity and cost can be easily
deduced, although the FM-AFM setup allows other measure-
ment modes not covered by the considered electronics. It is
important to keep in mind that AFM is a scanning imaging mi-
croscopy, and it is essential to minimize dwell time per pixel.
In contrast, speed is not a requirement in our rather complex
and time-consuming in situ SEM manipulation experiments,
so we can deal with an acquisition time of 90 s per force mea-
surement point.
The TF sensor was tested using a homemade nanoma-
nipulation sample-holder,34 operating in an open-loop
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configuration developed for in situ experiments inside a high
resolution field-emission electron microscope (FEG-SEM,
JEOL 6330F). The manipulator movement system is com-
posed of two independent systems, one for coarse movement,
based on picomotors (New Focus—Mod. 8321-UHV), and
other for fine movements, based on piezo slabs and actua-
tors. The former is characterized by a resolution of 20 nm
on the X-axis and 30 nm on the Y-axis with total range of
5 mm and 15 mm, respectively. Z-axis calibration was not
performed due to the SEM depth of focus. The latter has a
resolution of 0.8 nm on the X-axis and 5 nm on the Y-axis,
and a total range of 4 μm and 17 μm, respectively.34 Fig. 1(b)
displays a low-magnification SEM image of the TF on the
manipulation stage. A scheme (Fig. 1(b), inset) and an actual
picture (Fig. 1(c)) of the TF’s assembly on the nanomanip-
ulator are provided for reference. The TF is mounted on a
piezo slab responsible for the fine movement on the Z-axis.
Another important characteristic is that the samples and the
calibration cantilever are both mounted on the nanomanipula-
tor sample holder, which allows for the calibration and the
manipulation experiments to be performed without remov-
ing the whole setup from the microscope chamber. This is of
fundamental importance, in order to minimize external inter-
ferences and contaminations that may lead to changes on the
TF’s characteristics.
The setup orientation relative to the electron beam of the
microscope is also indicated (Fig. 1(b), inset), and it turns
out to be a fundamental characteristic for defining the force
sensor design for in situ SEM experiments. As shown in
Figs. 1(a) and 1(b), the probe tip is attached to the TF prong
with an angle, not following the traditional normal mode or
shear mode designs. There are two reasons for such a choice.
First, it is essential to avoid the tip being hidden from the
SEM electron beam by the TF prongs. Second, this geometri-
cal configuration is necessary to assure that the tip will contact
the sample before the prong does. Despite our efforts to keep
the TF as parallel as possible to the cantilever, some misalign-
ment is expected, once the sensor is manually assembled on
the nanomanipulator. For the correct analysis of their contri-
bution to the force quantification, such angles should be pre-
cisely measured; making a simple geometrical force vector
projection, a misalignment of the order of 10◦–20◦ would im-
ply an error of ∼5% in the measured force absolute value. To
prevent electric interference and further propagation of elec-
tric noise, all the equipment including the microscope speci-
men chamber, polar piece, and the sample-holder were wired
to the same ground potential.
III. SENSOR CALIBRATION AND CHARACTERIZATION
To develop a quantitative force sensor we must first ana-
lyze how the TF current amplitude and phase change when a
force is applied on the probe tip. For this purpose, we have
used the nanomanipulator to deflect an AFM cantilever by
pressing on it, while the TF signals were monitored by the
LIA. We observed that the resonance peak evolves monoton-
ically with increasing force: peak amplitude is reduced and
phase’s minimum is raised (see Fig. 2(a)).
FIG. 2. (a) TF experimental curves acquired during in situ experiments for
a progressively deflected Si AFM cantilever. Inset: experimental procedure
used to analyze the TF’s response to an external force. As the force is in-
creased, the amplitude and phase shift of the resonance peak varies monoton-
ically (amplitude is reduced and phase augmented, indicated by the arrows).
(b) Scatter plot of resonance amplitude (A) and phase shift (P) obtained from
different experiments realized with the same TF within a several week period.
The solid line is a second order polynomial fit to the points generated during
a quantitative force calibration experiment.
In order to correlate amplitude and/or phase with the
applied force value we have carried out a calibration step
where an AFM cantilever previously calibrated (following the
method proposed by Sader,35, 36 elastic constant equal to 4.3
± 0.3 × 10−2 N/m, CSG01-NT-MDT) was progressively de-
flected by pressing with the probe tip. The force values (F)
were calculated using Hooke’s law and measuring the can-
tilever deflection from SEM images. The amplitude maxi-
mum (A) and phase minimum (P) at resonance peak were
obtained through interpolation of the experimental acquired
data points. We have observed that the variations in the am-
plitude and phase as a function of force are indeed correlated
(see Fig. 2(b)); then, it is not necessary to use both signals (A
and P) to derive the applied force. In these terms, a calibration
curve can be constructed just by linking the force to the am-
plitude maximum A (Fig. 3(a)). At this point, it is important
to mention that our analysis has neglected any effect of the
tip being attached with an angle relative to the TF’s prong.
The calibration curve is built using the total force, instead
of decomposing it in parallel and normal components. We
have taken care to minimize possible influence of torsional
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FIG. 3. (a) Applied force variation as a function of TF’s maximum current
at the resonance. The curve has been divided in two different regions due
to abrupt changes in the slope at ∼40 nN force. (b) Close view of region II
where the zero force point is included (square dot for an amplitude above
90 nA). The solid line corresponds to a third degree polynomial fit, which
is used as conversion rule from the TF’s signal to the force in further exper-
iments. (c) Similar calibration experiment results obtained from a different
TF where points in the region below 4 nN (region III) are acquired (see text
for explanations). The line connecting the data points serves just as a guide
for visualization.
components at the calibration cantilever during the calibra-
tion step. We have chosen to place the contact point between
the probe tip and the AFM cantilever at the center of the pyra-
midal apex base, instead of at the edge of the cantilever. Al-
though these efforts have been taken, some torsional compo-
nents may still be present during the calibration acquisition.
The calibration curve can be divided in two distinct parts
due to an abrupt change of behavior, characterized by the al-
teration of the slope of the curve at a force value of (45 ± 3)
nN (in Figure 3(a) these different force regions were noted
I and II). We have analyzed different TF sensors, and all of
them displayed a change of slope for a force value in the 30–
70 nN range. We attribute this behavior change to the acti-
vation of novel deformation mechanisms in the sensor, pos-
sibly at the W tip or its fixation region (glue). As for the
W probe tips, it has been reported that during nanomanipu-
lation experiments, very small W tips are easily bent when
pressed against the sample or substrate.34 In this sense, it
is known that nanoscale metal rods may display mechanical
properties quite different from their bulk behavior. For exam-
ple, strengthening or softening has been reported depending
on several geometrical factors (external size vs. grains size,
etc.).37–41 Studies exploring the size-effect in monocrystalline
tungsten nanopillars have shown that for nanopillars with di-
ameters ranging from 200 nm to 900 nm, the flow stress shows
a clear size effect.40 If we model our tips as cylinders with di-
ameter around 100 nm, we should expect plastic deformation
for forces in the tens of micro-Newton range.38 To check this
point, we have also prepared a TF force sensor with the pris-
tine W wire (without the sharp tip electrochemical prepara-
tion procedure), and the force calibration curve also showed
a slope change around 40 nN. Briefly, the slope change in
the calibration curves cannot be accounted by the mechani-
cal deformation of the probe tip. Further experiments are in
progress to understand if this slope change is associated with
the W wire fixing point, in particular addressing the gluing
procedure and the glue quality.
The plot relating applied force and amplitude (Fig. 3(b))
clearly indicates that zero force point is in a position quite dif-
ferent from the tendency followed by the other experimental
points in the 5–20 nN range. A detailed measurement of a TF
sensor response in the smaller forces regime (0–20 nN force
range) is displayed in Fig. 3(c) (note that a different TF sen-
sor has been used for this experiment). This graphic is divided
in two distinct regions around 4 nN, II and III. Although the
experimental points in Region III display a different behav-
ior, they evolve very smoothly and, in a well-behaved manner,
even for forces ≤1 nN, following a smooth curve that would
extrapolate into the zero force experimental point. This de-
fines a third TF response region (III), corresponding to lower
force values (0–3 nN).
A natural question arises, why the TF response change
for lower forces during this calibration procedure? In fact,
the system can be described as a forced oscillator, where the
TF induces by compression a forced oscillation in the AFM
cantilever. Then we must analyze if the contact regime (cou-
pling) between the probe tip and the cantilever is well de-
fined for such low forces. Using the experimental parameters
(TF resonance frequency, quality factor, excitation voltage,
and electric current at the resonance), it is possible to cal-
culate the TF oscillation amplitude, aTF, as (21 ± 1) nm.42
First, this aTF value corresponds to the expected static can-
tilever displacement (x) when the applied force is ∼1 nN;
this certainly represents an intrinsic source of uncertainty for
quantitative force determination. Second, the AFM cantilever
is much softer than the TF, its resonant frequency (fCL ∼ 12
kHz) is much lower than the TF one (fTF ∼ 32 kHz). Hence,
in order to keep the TF-cantilever mechanical contact during
a compressive experiment, it would be necessary that the can-
tilever be able to follow properly the TF oscillation. From a
simply dynamical point of view, this means that the TF and
cantilever maximal acceleration amplitudes (α) must be com-
parable. From the harmonic oscillator theory we have that α
is given by a0ω2, where a0 is the oscillation amplitude and
ω is the frequency in radians (ω = 2π f). Then, for an oscil-
lation of amplitude aTF, we can obtain that αTF is (846 ± 5)
m/s2, while for the cantilever αCL is (121 ± 5) m/s2. As αCL
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< αTF, it is clear that the cantilever cannot follow the TF oscil-
lations properly for lower forces (x ∼ a0), and the contact
between them is intermittent. As a consequence, the TF os-
cillation is weakly modified and the sensor response is very
low, explaining the different TF electrical response in Region
III, Fig. 3(c)). In contrast, for conditions where x > aTF, the
TF resonant peak shows clear and easily detectable changes.
To overcome this difficulty and extend the TF force sensing
working region to lower forces, it is possible to diminish aTF
by modifying the TF’s excitation for example.
In order to explore the use of TF as quantitative force
sensor, we will restrict our study to analyze applied forces
with values in the 5 to 40 nN range (see Fig. 3(a), region
marked II). In this way, we avoid the slope change above
40 nN, and also the lower force region (0–3 nN), where the
errors are rather high (30%–60%). The experimental points
(F vs. A) in region II (Fig. 3(b)) are distributed as following
a very well behaved function. In this figure, the solid line is a
third-degree polynomial fit that will be applied as conversion
function g to calculate the force value as F = g(A). With
the calibrated response function g(A) in hands, it is possible
then to use the force sensor in experiments of mechanical
deformation and obtain, directly from the TF’s amplitude
solely, the applied force. It is important to emphasize that,
after the calibration step, the force quantification has become
completely independent of SEM images taken during the
nanomanipulation experiment. This not only generates an
improvement on the obtained force resolution, but also signif-
icantly simplifies the experimental studies, reducing electron
irradiation dose, and the possible deposition of amorphous
carbon contamination on the analyzed samples. The force
error bar is mainly related by the quality of the fitting and
accuracy error related with the calibration procedure.
We must analyze the reproducibility and reliability of the
TF sensor. Therefore, we have plotted on the same graphic the
A vs. P obtained from many different experiments (including
calibration step and several nanomanipulation studies) using
the same force sensor during a several week period (Fig. 2(b)).
It is clear that the relation between phase and amplitude is a
very well behaved phenomenon. The solid curve corresponds
to a second-degree polynomial fit adjusted only to the quan-
titative force calibration experiment. The agreement found
between the fit and the other experimental points is remark-
ably impressive. It is important to mention that the calibration
curve varies from sensor to sensor; then the F vs. A calibra-
tion curve must be performed for each TF before use. Since
small changes in the sensor’s preparation and also on the en-
vironment where the experiment is conducted are common,
i.e., variations on the amount of glue applied or the length of
the wire from where the tip is etched, changes in the electro-
magnetic background noise, temperature fluctuations, etc., it
is required to calibrate the sensor before any experiment. Our
nanomanipulation sample holder may fit several samples and
we keep one or two slots for AFM cantilevers to be used for
the initial calibration of the TF quantitative force sensor.
Once we have calibrated and tested the sensor for mea-
suring compression forces (Fig. 3), it is essential to evaluate
the TFs response when the probe tip is submitted to a ten-
sile force instead of compression. Although from symmetry
TABLE I. Comparison of TF response to analyze compressive and tensile
forces.
Compression Tension
Force (±1 nN) Current (±0.1 nA) Current (±0.1 nA)
6 19.4 19.5
10 19.2 19.2
12 19.2 19.0
15 18.9 18.8
arguments one may expect that in first approach both situa-
tions have similar response, an experimental proof is still re-
quired. Hence, we decided to realize experiments where the
TF probe tip was attached (glued) to the AFM cantilever end;
then the cantilever was deflected in both directions (pushing
and pulling). This ideal experiment turned out to be actually
rather complex, because we had to glue the tip under an op-
tical microscope and, subsequently, install the nanomanipu-
lator inside the microscope. These several steps handling of
the system lead to the AFM cantilever rupture. Then, we were
forced to make the whole experiment in air under the optical
microscope, what changed the TF resonance response due to
the different environment (mainly change in pressure/vacuum
condition). In an attempt to make a more stringent verifica-
tion of the sensor’s reproducibility, the experiment was car-
ried out according to the following procedure: the probe tip
was displaced by a predetermined amount pushing the can-
tilever and the TF’s signal was recorded. Then the cantilever
was brought to its equilibrium position and pulled by the same
amount that it had been previously deflected and the TF’s sig-
nal was then recorded. This procedure was repeated for dif-
ferent force values, keeping always the alternation of push-
ing and pulling forces. The TF signals were acquired with the
same procedure, but the AFM cantilever deflection was mea-
sured by analyzing the TF base displacement (the TF is much
stiffer than the AFM cantilever). The TF support was driven
by a linear Piezo micromotor;34 counting the motor steps, we
derived the support linear displacement. Table I displays the
different forces measured for tension and compression and the
corresponding TF signals. Although the experimental condi-
tions were rather difficult, a very good agreement is observed
indicating that the TF shows a symmetrical behavior.
IV. APPLICATION AND PERFORMANCE
Once the force sensor has been properly calibrated and
characterized, this section will address the sensor’s applica-
tion on measuring forces involved during the mechanical ma-
nipulation of multi-walled carbon nanotubes (MWCNT) bun-
dles. The nanotubes were produced by arc discharge (20 V,
80 A) in He atmosphere (500 mbar) and are in average a few
micrometers long.
Electron beam induced deposition of amorphous carbon
(EBID) was used to attach the nanotubes at the W probe
tip.22, 23 During the mechanical experiments we used a sec-
ond EBID region deposited over the CNT surface as a refer-
ence point to easily observe displacement in the SEM images
(indicated by an arrow in Fig. 4). The nanotube sample was
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FIG. 4. ((a)–(d)) Sequence demonstrating an in situ manipulation experiment
with MWCNT bundles where some CNTs are pulled away from the bundle.
Inset: the remaining CNT after the pulling is completed (e). The scale bars
correspond to 1 μm. Force measurements as a function of the CNT’s dis-
placement away from the tip. Values were obtained from the TF’s signals
and the calibration procedure described in the text (the square dot at the right
indicates the zero force point).
repeatedly retracted from the probe tip by steps of (96 ± 20)
nm (TF was kept fixed). Figs. 4(a)–4(d) show some large field
of view images; Fig. 4(e) displays the measured forces as a
function of elongation. The forces measured during this ex-
periment were in the 14–35 nN range, and they were obtained
from the TF electrical signal converted into forces using cali-
bration curve from Fig. 3(b).
The experiment consisted of measuring the forces as
some of the CNTs were extracted from the bundle. Due to
technical constraints (mainly microscope resolution), it has
not been possible to distinguish how many nanotubes were
removed from the bundle and how many were left. In our ex-
periments (see force vs. distance plot in Fig. 4(e)), we observe
that when we start pulling the CNT bundle, the forces build
up until a maximum value of ∼35 nN; it stays approximately
constant (within the error bar) for about 300 nm, and starts to
decrease until the bundle ruptures. The force values acquired
in this study are in great accordance with values found in the
already reported similar studies.22, 43–45 The force variation
along the experiments is similar to that predicted by the theo-
retical work proposed by Wei et al.,44 which described a force
saturation in shear experiments pulling CNT bundles. These
authors predicted that the shear force when sliding a CNT in a
bundle should increase with the overlap length, and that a sat-
uration of the shear force should be observed when the tubes
overlap attains 300–400 nm. Our results also indicate that we
had to perform a total displacement of ∼1 μm to attain the
zero point force, measuring from the point where shear force
start to decrease (the experiment has been done in a direc-
tion opposite to the theoretical explanation presented above).
Although our experimental measurement is about twice the
distance predicted by the theoretical model of Wei et al.,44
we consider that the agreement is very good considering the
approximations used in the model.
Due to the orientation of the glued probe tip in relation to
the TF prongs, a deeper understanding requires further exper-
imental and theoretical studies to evaluate the contributions
of longitudinal and normal forces to the total force value used
in this work. We are confident that once the sensor has been
thoroughly calibrated with the procedure described here, the
measured values are coherent and represent a very good quan-
titative estimation of the total force’s magnitude applied in the
experiment.
V. SUMMARY
We have described the development of a TF based force
sensor for quantitative and direct measurement of applied
forces during nanomanipulation experiments in situ in a SEM.
The force sensor must be initially calibrated against a force
standard and then the force estimation is based exclusively on
the electric signals from the TF. This allows the decoupling of
force measurements and SEM imaging during the manipula-
tion experiments. We have been able to measure forces in the
5–45 nN range with a force resolution of few nN. The force
sensor was applied for mechanical tests involving the tensile
deformation of multi-walled carbon nanotubes’ bundles. The
derived results were in very good agreement with previously
reported experiments.
The forces were quantified with an error bar of 3–4 nN;
however, a quick look at the experimental points in Fig. 4(e)
suggests these bar values seem to be somewhat overestimated.
In fact, the experimental point dispersion is much lower than
should be expected for such an error bar. In our study, one of
the main sources of error in the force quantification is actu-
ally the accuracy, associated with the cantilever elastic con-
stant that is used as force standard for the calibration curve.
By reducing the error in the cantilever elastic constant from
the current 7% to around 5% would already represent a 33%
reduction in the final force error. Also, our calibration curve is
based on a 3rd order polynomial fit model, which has been se-
lected without any physical underlying model. More accurate
models relating the TF signal with the applied force would
also contribute substantially to improve the sensor sensitivity.
We expect that with further work on the precision and accu-
racy of the calibration process and signal interpretation, the
final force error would lie in the nN range.
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